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Abstract. The article presents the results of studies of variations in the proton fluxes of the ring
current and relativistic electrons of the Earth's outer radiation belt, as well as the
magnetospheric magnetic field during two geomagnetic storms of March 17-18, 2015 and June
22-23, 2015 of similar power (|Dstnax|~200 nT), caused by different conditions in the solar
wind. The work is based on experimental data from the Van Allen Probes spacecraft. The
results of comparison of simultaneous measurements of proton and electron fluxes and the
magnetospheric magnetic field during geomagnetic storms indicate a consistent dynamics of
the ring current and the Earth's outer radiation belt. It is shown that variations in the magnetic
field, occurring due to the development of the ring current and substorm activations, are the
main factors responsible for the dynamics of the relativistic electron fluxes of the outer

radiation belt during the geomagnetic storms of March 17-18, 2015 and June 22-23, 2015.
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1. INTRODUCTION

The Earth's magnetosphere is under the constant and active influence of the interplanetary
medium. The magnetosphere is formed by the magnetic fields of the planet and magnetospheric

current systems. The interplanetary medium is inhomogeneous and nonstationary, and the
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magnetosphere is a self-organizing system, so the response of the magnetosphere to external
influence is ambiguous. The most vivid expression of such a response is a geomagnetic storm,
during which a global restructuring of the magnetosphere occurs. One of the main
manifestations of a geomagnetic storm is the magnetic field depression, which is measured at
the Earth's surface at middle and low latitudes. The depression of the horizontal component of
the magnetic field at the Earth's surface is caused by the development of magnetospheric
current systems: magnetopause currents, ring currents, magnetospheric tail currents, and
longitudinal currents. During a magnetic storm, the main contribution to the variation of the
geomagnetic field in the inner regions of the magnetosphere is made by the magnetospheric
tail currents and the ring current (e.g., [Kalegaev et al., 1998]). The ratio between the
contributions of these current systems depends on the storm power [Kalegaev and Makarenkov,
2008; Kalegaev and Vlasova, 2017]. The non-synchronous development of these large-scale
currents determines the dynamics of the magnetospheric magnetic field [Alexeev et al., 1996].
At the same time, changes in the magnetic field affect the overall structure of the
magnetosphere, as well as the populations of charged particles, their position in space, and the
intensity of the currents.

An example of localization of such populations are radiation belts (RBs). The Earth's
radiation belts were discovered during the first space experiments more than half a century ago:
the inner one by the artificial satellite Explorer-1 (James Van Allen's group) and the outer one
(Sputnik-2) by the team of the Moscow State University Research Institute for Nuclear Physics
under the leadership of S.N. Vernov [Vernov et al., 1960]. Unlike the inner belt, the Earth's
outer electron radiation belt (EBRB) is one of the most dynamic objects of the magnetosphere.
Its presence is an important factor of space weather.

The most significant variations of the Earth's outer electron radiation belt are observed
during geomagnetic storms, so it is natural to expect that the geomagnetic field should be one
of the main factors controlling the dynamics of electron fluxes in this region of the
magnetosphere. At present, there is no universally accepted view on the sources of the
dynamics of the outer electron radiation belt (e.g., the review [Baker et al., 2018] and references
therein). One of the key questions is the role of adiabatic effects. At relatively slow changes in
the magnetospheric magnetic field, variations of the outer radiation belt occur while adiabatic
invariants are preserved. In this case, satellites register changes in the electron fluxes, which
are not related to real losses or to the real arrival of new particles in the inner magnetosphere.
In [Mcllwain, 1966], a mechanism leading to a drop in the flux of PSD electrons during the

main phase of a geomagnetic storm was first proposed - the so-called Dst-effect associated with



the transition of electrons from the core of the PSD to the distant L-shells and their subsequent
return under the influence of adiabatic changes in the magnetosphere.

On the other hand, the magnetospheric processes leading to real changes in the
populations of trapped electrons are obviously present. Among them: radial diffusion under the
influence of unsteady electric fields [Shprits et al, 2008]; particle ejections and acceleration at
interaction with waves [Horne and Thorne, 1998, Horne et al, 2005]; clectron losses at
magnetopause displacements under the influence of solar wind pressure pulses [Bortnik et al.
2006]; radial diffusion on magnetic field pulses [Tversky, 1968, 2004; Hudson et al, 2000],
and fast substorm injections [Lazutin, 2013]. Within the framework of the theory of particle
drift in electric and magnetic fields, a mechanism of "shock" injection of particles under the
influence of a bipolar sudden pulse of the geomagnetic field has been proposed [Pavlov et al.,
1993]. Pitch-angle particle scattering, rapid magnetopause motions under the influence of solar
wind (SW) pressure pulses, lead to irreversible electron losses, which are compensated by the
arrival of new particles accelerated by substorm processes and wave-particle interactions
[Baker et al., 2018].

The influence of external factors on the dynamics of electron fluxes is the most important
aspect of research. The results of a statistical study of the outer electron belt dynamics from
Van Allen Probes (VAP) satellite data using the epoch superposition method indicate the most
important conditions for electron flux growth: a long southern orientation of the interplanetary
magnetic field (IMF), high solar wind speed and pressure [Li et al., 2015]. In the work of Turner
et al. [2019], based on a study of 110 storms using Van Allen Probes satellite data, it is shown
that a drop in the level of relativistic electrons in the outer PSD during the main phase of the
storm is followed by an unpredictable amplitude replenishment during the recovery phase.

A discussion of the coordinated dynamics of the ring current and relativistic electrons of
the Earth's outer radiation belt, in particular, during the recovery phase of geomagnetic storms
can be found in [Tverskaya, 1986; Tverskaya, 1997]. In [Tverskaya, 1997] the results of
calculation of the structure of the ring current during a geomagnetic storm are presented and it
is shown that at the largest value |Dstnax| the maximum pressure of the ring current plasma
should be expected in the region where the maximum of the belt of relativistic electrons
injected during magnetic storms (Lmay) 1s located. Thus, the dependence of the position of the
maximum of the belt of relativistic electrons injected during magnetic storms (Lmqx) on the
amplitude of the magnetic storm was theoretically justified:

\Dstmax| = 2.75-10% L* o



The dependence was obtained in [Tverskaya, 1986].empirically, using data from low-orbit
polar satellites.

The magnetic storms of 17-18.03.2015 and 22-23.06.2015 were among the most
powerful in the 24th solar activity cycle. They provided rich material on the dynamics of the
outer radiation belt. In [Li et al., 2016] and [Baker et al., 2016b], the processes of acceleration
and electron transport in the first and second storms, respectively, were analyzed. In [Nazarkov
et al., 2018], a study of the ring current dynamics during the geomagnetic storms of 17-
18.03.2015 and 22-23.06.2015 was performed. It was shown that the main contribution to the
development of the ring current was made by proton fluxes with energies of ~10+50 keV. In
[Baker et al., 2016a], the results of a comparative analysis of the two storms of 2015 are
presented. It is concluded that powerful substorms occurring during the development of a
strong ring current during geomagnetic storms caused by coronal mass ejections play a central
role in the strengthening of radiation belts.

The aim of the present work is to obtain evidence of the coordinated dynamics of
magnetospheric currents and fluxes of charged particles of different nature in the Earth's
magnetosphere during two geomagnetic storms on 17-18.03.2015 and 22-23.06.2015 on the
basis of a comparative analysis of experimental data of simultaneous measurements of the
fluxes of ring current protons and relativistic electrons of the outer radiation belt, as well as,

the magnetospheric magnetic field.

2. EXPERIMENTAL DATA

This work utilizes experimental data obtained from the Van Allen Probes spacecraft
(spacecraft), the first name of the mission is Radiation Belt Storm Probes (RBSP),
(http://vanallenprobes.jhuapl.edu). The satellites investigated the core of the Earth's radiation
belts [Mauk et al., 2013]. Two identical VAP satellites (A and B) are in a highly elliptical orbit:
inclination -10°; orbital period - 9 hours; apogee ~6 Rg; perigee ~600-700 km. In March 2015,
the orbit of the VAP spacecraft was in the evening-night sector of the magnetosphere, and in
June 2015. - in the evening sector (Fig. 1). The rotation axis of the VAP spacecraft is stabilized
and directed to the Sun.

Fig. 1.

In the presented work, we used angle-averaged data from the HOPE (Helium Oxygen
Proton Electron) and REPT (The Relativistic Electron Proton Telescope) instruments, which
are part of the ECT (Energetic Particle, Composition, and Thermal Plasma Suite) [Spence, et
al. 2013], as well as magnetic field measurements on the EMFISIS (Electric and Magnetic
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Field Instrument Suite and Integrated Science) instrument [Kletzing et al., 2013]. Data on the
fluxes of electrons with energies of 2.1 MeV and protons with £ =51 keV were used.

To study the impact of the interplanetary medium on the Earth's magnetosphere, we used
experimental data on the parameters of the solar wind and interplanetary magnetic field
obtained from the ACE spacecraft located at the L/ libration point at a distance of 1.5 million
km from the Earth to the Sun (www.srl.caltech.edu/ACE/ASC/ ). The geomagnetic activity of
the Earth's magnetosphere was characterized by the Dst variation (http://wdc.kugi.kyoto-
v.ac.jp/). The geomagnetic field was modeled using the IGRF model: International
Geomagnetic Reference Field (IGRF - International Geomagnetic Reference Field) - an
international model or series of models of the Earth's average global magnetic field, taking into
account its secular variation (https://www.ngdc.noaa.gov/IAGA/vmod/igrf.-html). The
variations of the magnetospheric magnetic field were reconstructed by subtracting the IGRF

geomagnetic field components from the measurement data.

3. EXPERIMENTAL RESULTS

The two considered geomagnetic storms: 17-18.03.2015 with |Dstnax| ~228 nTl and 22-
23.06.2015 with |Dstmax| ~ 195 nTl are comparable in power, but differ significantly in the
conditions in the interplanetary medium in which the storms developed (Fig. 2): during 17-
18.03.2015. - the NE pressure gradually increases to ~15 nPa and the storm develops
predominantly at the southern orientation of the IMF; during 22-23.06.2015. - the NE pressure
increases to ~25 nPa with a very sharp profile and the MMP has predominantly northern
orientation during the main phase of the storm.

Fig. 2.

Spatial and temporal profiles of the fluxes of electrons with energies of 2.1 MeV, protons
with E~50 keV, and the magnetospheric magnetic field are plotted for the two magnetic storms
to trace the dynamics of particle fluxes and the magnetospheric magnetic field. The profiles are
divided along the half-orbits between apogee and perigee into descending and ascending
satellite trajectories (Fig. 3). To describe the dynamics of the trapped particle fluxes, profiles
from only one satellite are given for each storm. For the first storm, measurements from the
VAP-B satellite were used, and for the second storm, VAP-B was used because it best
represents the dynamic processes of the GRPP. In the figure, for each profile, the arrow shows
the direction of spacecraft motion.

Fig. 3.
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3.1 Geomagnetic storm 17-18.03.2015.

The geomagnetic storm of 17-18.03.2015 developed after the arrival to the Earth of an
interplanetary structure characterized by an increase in the solar wind pressure and under the
conditions of predominantly southern orientation of the interplanetary magnetic field (left
panels of Fig. 2).

It can be seen that the arrival of the shock wave (second profiles on the left panels of
Fig. 3) caused variations in the profile of the electron fluxes and a small increase in the proton
flux, i.e., the formation of a partial ring current, on the outer L-shells. The gradual development
of the CT at the beginning of the main phase of the storm (the third and fourth profiles of Fig.
3) is accompanied by a significant decrease in the maximum electron flux, as well as by a shift
of the outer boundary of the belt toward the Earth. It should be noted that the outer boundary
of the CT and the electron belt completely coincide at the L-shells between 3.2 and 3.5 Re.
Under the conditions of the southern direction of the MMP, the development of the
geomagnetic storm continues, the CT displacement inside the magnetosphere up to ~2 Rgis
observed (fifth profile of Fig. 3) and the Bz-component of the magnetic field further increases.
One should expect that at this stage the annular current becomes more symmetric, since the
displacement toward the Earth of the inner boundary of the annular current has stopped (fifth
and sixth profiles in Fig. 3), and the period of circulation of protons with energy ~50 keV at L
~ 3 is of the order of 4 hours, which is less than the time of development of the main phase of
the storm.

At the end of the main phase of the storm (sixth profile in Fig. 3), the magnetic field
structure is preserved only on the inner L-shells (L <4), while in the outer regions the magnetic
field is restored, and as a result, an increase in electron fluxes is observed.

3.2. Geomagnetic storm 22-23.06.2015.

The magnetic storm 22-23.06.2015 was preceded by a small increase in the solar wind
pressure ~ 6 UT 22.06.2015 at a weak negative Bz-component of the MMP (Fig. 2), which
caused a weak depression of the magnetic field at the Earth's surface and a slight increase in
the proton fluxes of the ring current at the outer L-shells (Fig. 3). But the main development of
the strong storm was caused by a powerful (~25 nPa) NE pressure pulse (at ~18:40 UT 22.06)
and a short-term (~1 hour) southern orientation of the MMP, after which the Bz-component of
the MMP was positive for ~5 hours (right panels of Fig. 2). Under the conditions of the northern
orientation of the MMP, the NE pressure pulse can lead to the formation of a storm ring current,
due to the non-adiabatic transfer of ring current particles to lower L-shells, and thus to the

development of a geomagnetic storm [Kalegaev et al. 2015].



In profiles 2 in the right panels of Fig. 3, one can see that an increase in the proton flux
is observed at the outer L-shells, which can be related to the enhancement of magnetospheric
convection and the formation of a weak ring current. At the same time at the same L-shells, the
electron flux slightly decreases.

The arrival of a powerful NE pressure pulse at ~18:40 UT on 22.06.2015 with a short-
lived but significant negative Bz-component of the MMP displaced the captured protons from
the outer L-shells inside the magnetosphere, which led to the strengthening of the ring current.
After the solar wind shock, a powerful symmetric ring current immediately appears (third
profiles in Fig. 3), which reaches its maximum values at this stage. The response of the electron
population VRPZ becomes a decrease of the currents by an order of magnitude. Five hours
later, the next profile (the fourth) shows a drop in electron fluxes by another two orders of
magnitude. Such abrupt dynamics of all investigated parameters significantly differs from the
observed gradual change during the storm of 17-18.03.2015 (left panels of Fig. 3).

The next profile during the maximum development of the storm (fifth profiles in Fig. 3)
shows that the state has stabilized - the ring current is practically unchanged, similar to the
electron fluxes.

At the initial phase of the storm recovery (fifth profiles in Fig. 3), the Bz-component of
the magnetic field decreases by several tens of nTL despite the practically unchanged ring
current, and the electron fluxes have fully recovered in intensity, with the maximum of the

fluxes shifted one Earth radius inside the magnetosphere.

4. DISCUSSION

Variations in the solar wind and interplanetary magnetic field parameters directly or
indirectly control the structure and dynamics of the magnetosphere, the development of
magnetospheric current systems, and the transport, loss, and acceleration of charged particles.
The existence of radiation belts is due to the presence of the Earth's magnetic field, which holds
charged particles. In turn, the particle flows themselves create electric currents that contribute
to the dynamics of the magnetospheric magnetic field. The main large-scale current systems in
the magnetosphere are: magnetopause currents, tail currents, ring currents, and longitudinal
currents (e.g., [Alexeev et al., 1996; 2001]). The field depression during geomagnetic
perturbations is determined predominantly by the magnetospheric tail currents and the ring
current (e.g., [Alexeev et al., 1996; Kalegaev et al., 1998]). In the core of the outer radiation
belt, the ring current makes a determining contribution to the variation of the magnetic field.

The different impact of the interplanetary medium on the magnetosphere during the two studied



storms also caused its different response, which can be seen in Fig. 2 by the dynamics of the
geomagnetic indices: Dst and AL. During the entire main phase of the storm on 17.03.2015,
one can observe a powerful substorm activity and strong magnetic field asymmetry. During the
storm of 22-23.06.2015, the substorm activity and field asymmetry are observed predominantly
during the sudden onset and at the very beginning of the main phase of the storm, actually
during the impact of the pressure pulse of the solar wind (Fig. 2). The complex dynamics of
the magnetospheric magnetic field, as well as, different conditions for the conservation of
adiabatic variations, became the source of variations of the fluxes of both protons and electrons
in the region of the outer electron radiation belt.

During the geomagnetic storm of 17-18.03.2015, the flux of protons with the energy of
51 keV in the region of the external electron radiation was smaller than during the storm of 22-
23.06.2015, while the modulus of the measured value of the Bz-component of the interplanetary
magnetic field is larger (Fig. 3). Two factors may be the reasons for the observed effect. First,
different mechanisms for the formation of the main flux of the ring current during the two
storms (rapid injection due to a strong solar wind pressure pulse on 22.06.2015 and successive
injections during the main phase of the storm on 17.03.2015) could have formed a different
energy spectrum of the ring current protons, and in this work only one population of protons
with an energy of 51 keV is investigated. Second, an important factor is the difference in the
contribution of the magnetospheric tail currents and the partial ring current in the locally
different parts of the satellite orbits during the two storms. A detailed analysis of the observed
effect is the subject of future work.

Fig. 4.

In order to reveal the global dynamics of the outer radiation belt, the time profiles of the
maximum maximum current during the two storms are shown in Fig. 4 shows the time profiles
of the maximum fluxes of the external RP electrons and CT protons (a, b) and their
corresponding spatial location (¢, d). To increase the statistics, the profiles are plotted using
data from two satellites: VAP-A and VAP-B. The data are given for five days, not only during
the main phases of storms, as in Fig. 3, but also during the periods of the recovery phases, as
well as, one and a half days before the onset of the storm.

A few hours before the solar wind shock on 22.06.2015, the first increases of proton
fluxes on the outer drift envelopes are observed, caused by the intensification of
magnetospheric convection at the southern direction of the MMP (Fig. 2). The formation of a
weak ring current led to a decrease of the electron fluxes at the outer L-shells (Fig. 3). In Fig.

4 marks the time of primary proton injection. In the main phase of the two storms, the dynamics



of the electron fluxes differ significantly as a result of different mechanisms of ring current
formation. It can be seen that for the storm of 22.06.2015, the drop of the maximum electron
fluxes and the change of their position are more intense than in the storm of 17.03.2015, which
is consistent with the ring current dynamics.

During the recovery phase of the storms, the dynamics of the electron fluxes and all
related parameters presented in Fig. 4, are very close in both cases. One can say that the
development of both storms follows the same path, which is dictated by similar external
conditions (Fig. 2) and the state of the magnetosphere itself. As a result of the storm, the L-
positions of the electron flux maxima shifted one Earth radius inside the magnetosphere. The
maxima began to be located at L ~ 3.5, which agrees well with the empirical dependence on
|Dstmax| [Tverskaya, 1986]. Such a shift can be explained by the energetic favorability of such
a position of the radiation belt in the presence of a powerful ring current.

Irrespective of the storm phase, physical mechanisms related to variations of magnetic
and electric fields act in the magnetosphere, which force electrons to move inside the RP: radial
diffusion under the influence of unsteady electric fields and drift in crossed magnetic and
electric fields. In this case, the key external factor is the solar wind electric field (—B-V.w), which
is proportional to the electric field in the tail of the magnetosphere. As positive values of (—
B-Vsy) increase, the drift velocity of particles in crossed fields (electric and magnetic) toward
Earth on the night side of the magnetosphere increases. It is this coupling function, rather than
the individual parameters - B: and Vi, that is an important geoeffective parameter responsible
for the development of the ring current and for the dynamics of radiation belts [Newell et al.,
2007]. It was observed in [Georgiou et al., 2018] that the solar wind electric field controls the
radial diffusion of particles of the Earth's radiation belts under the influence of ULF waves.
This mechanism may contribute to the efficient movement of electrons deep into the radiation
belts during a long period of stable morning-to-evening electric field orientation in the
nighttime magnetosphere. During the main phase of the storm, the strong Dst effect forces
electrons to move outward of the WP, so a clear correlation of the ring current dynamics and
electron fluxes can be observed. At the end of the main phase, the power of the Dst-effect
weakens, and only the result of the combined action of all mechanisms can be observed. In the
recovery phase, along with radial diffusion, the reverse Dst-effect, i.e., the return, capture, and
possible betatron acceleration of particles during the dipolarization of the geomagnetic field,
begins to act along with radial diffusion [Tversky, 1968; 2004]. Radial and local electron
acceleration mechanisms also operate during the recovery phase of the storm [Reeves et al.,

2013], including particle injection under the influence of substorm activity and through



interaction with waves [Baker et al., 2018]. Since the power of the Dst effect is obviously
determined by the magnitude of the variation of the magnetic field, which depends on the
magnitude of the ring current, one should expect coordinated dynamics of the fluxes of trapped
protons and VRPZ electrons. The results obtained in [ Vlasova & Kalegaev, 2024] investigating
the dynamics of the external electron radiation belt in the geostationary orbit region for a
sufficiently long time (16.10.2016-16.02.2017) indicate that changes in the components of the
magnetospheric magnetic field and in the electron fluxes are components of a single process
occurring simultaneously with changes in the magnetosphere as a single whole. The studies
carried out in the presented work indicate the coordinated dynamics of the CT proton and

GRPZ electron populations during the two magnetic storms.

5. CONCLUSION

The variations of the fluxes of ring current protons and relativistic electrons of the Earth's
external radiation belt according to the experimental data from the Van Allen Probes spacecraft
during two geomagnetic storms of close power ( |Dstnax| ~200 nTL) on 17-18.03.2015 and 22-
23.06.2015 are considered. The storm of 17-18.03.2015 developed at the southern direction of
the IMF. The peculiarities of the storm development on 22-23.06.2015 are connected with a
prolonged period of the northern IMF and an extremely strong pulse of solar wind pressure,
which contributed to the development of the ring current.

The temporal development of the spatial profiles of the fluxes of low-energy protons with
energies ~50 keV in different sectors of the magnetosphere showed two different mechanisms
of the ring current formation: due to substorm injections leading to the gradual formation of
the ring current and due to the magnetospheric compression under the action of the extreme
solar wind pressure pulse. At the same time, similar Ds¢ profiles are observed during the
development of storms.

The results of the comparison of simultaneous measurements of proton and electron
fluxes and the geomagnetic field indicate the coordinated dynamics of the ring current and the
Earth's external radiation belt. The ring current becomes a source of the magnetic field, which
leads to adiabatic decreases of electron fluxes by several orders of magnitude. During the
formation of a symmetric CT and its gradual decay in the recovery phase, the state of the
magnetosphere stabilizes and the electron fluxes are restored. Along with this, there are
undoubtedly processes leading to real losses and replenishment of the outer electron radiation

belt with new particles, but they occur against the background of global changes in the outer
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radiation belt associated with the development of large-scale storm current systems leading to

changes in the structure of the magnetosphere.
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FIGURE CAPTIONS

Fig. 1. Orbits of VAP spacecraft during two magnetic storms on 17-18.03.2015 and 22-
23.06.2015.

Fig. 2. Time profiles of (@) solar wind velocity and (b) solar wind density, (¢) Bz-component
of the MMP, (d) AL-index, and (e) Dst-index for two magnetic storms on 17.03.2015 (left
panels) and 22.06.2015 (right panels). Dark bars indicate the time intervals of the flyby of the
VAP-B (left panels) and VAP-A (right panels) satellites, for which the experimental spatial
and temporal profiles of the particle fluxes are given. The "left" arrows characterize the
passes on descending trajectories, and the "right" arrows characterize the passes on ascending

trajectories.
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Fig. 3. Spatial and temporal profiles of the fluxes of electrons with £ = 2.1 MeV (upper
panels), protons with £ = 51 keV (middle), and variations of the Bz component of the
magnetospheric magnetic field (bottom) during the main storm phase for two magnetic
storms on 17-18.03.2015 (left, from VAP-B satellite data) and 22-23.06.2015 (right, from
VAP-A satellite data) between 2 and 5.8 Re.

Fig. 4. Time profiles of the maximum fluxes at each half-orbit from data of two satellites
VAP-A and VAP-B and their approximation for (@) electrons with £ = 2.1 MeV, (b) protons
with E= 51.8 keV; (c¢) and (d) L-positions of the maximum electron and proton fluxes,
respectively; (e) Dst-index and (f) Bz-component of the MMP. The left and right panels
correspond to the storms of 17.03.2015 and 22.06.2015, respectively. The time range for both
storms is 4 days each. The dashed vertical straight line corresponds to the primary proton
injection before the start of the storm. The dashed vertical straight lines correspond to the

beginning of the geomagnetic storm.
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